From the earliest work in our laboratory, we hypothesized, and with studies conducted in both clinical research and animal models, we have shown that drugs of abuse, administered or self-administered, on a chronic basis, profoundly alter stress-responsive systems. Alterations of expression of specific genes involved in stress responsivity, with increases or decreases in mRNA levels, receptor and neuropeptide levels, and resultant changes in hormone levels, have been documented to occur after chronic intermittent exposure to heroin, morphine, other opiates, cocaine, other stimulants and alcohol in animal models and in human molecular genetics. The best studied of the stress-responsive systems in humans and mammalian species in general is undoubtedly the HPA axis. In addition, there are stress-responsive systems in other parts in the brain itself, and some of these include components of the HPA axis, such as CRF and CRF receptors, along with POMC gene and gene products. Several other stress-responsive systems are known to influence the HPA axis, such as the vasopressinvasopressin receptor system. Orexin-hypocretin, acting at its receptors, may effect changes which suggest that it should be properly categorized as a stress-responsive system. However, less is known about the interactions and connectivity of some of these different neuropeptide and receptor systems, and in particular, about the possible connectivity of fast-acting (e.g., glutamate and GABA) and slowacting (including dopamine, serotonin and norepinephrine) neurotransmitters with each of these stress-responsive components and the resultant impact, especially in the setting of chronic exposure to drugs of abuse. Several of these stress-responsive systems and components, primarily based on our laboratory-based and human molecular genetics research of addictive diseases, will be briefly discussed in this review.
Introduction
The hypothalamic-pituitary-adrenal (HPA) axis is undoubtedly the best studied stressresponsive system, initially with studies in rodent models and subsequently in humans and non-human primates. Although there are several differences, both in components of this axis and then the regulation of each of the components across species, there are also many similarities (see Figure 1) . In this axis, corticotropin-releasing factor (CRF) processed from the CRF gene in the hypothalamus travels to the anterior pituitary where it acts upon CRF-R 1 receptors to bring about the production and release of the gene product proopiomelanocortin (POMC). This is further processed in the pituitary to yield several extremely important hormones, including the major stress-responsive hormone in the mammalian species, adrenocorticotropin hormone (ACTH), as well as beta-endorphin, the longest (31 amino acids) and longest acting (over 30 minutes in humans) endogenous opioid, and which is both peripherally active, as well as active in the central nervous system. Other very important neuropeptides are processed from the single gene product of POMC. These include alpha-, beta-and gamma-melanotropin (melanocyte-stimulating hormone or MSH), as well as other neuropeptides. Some of these have been closely linked to appetitive behaviors, and thus, feeding disorders.
The focus of this review article is to be on the role of stress responsivity in the impact of drugs of abuse and the implications of those effects on stress responsivity in the development of and perpetuation of specific addictive diseases.
ACTH acts primarily on the adrenal cortex where it brings about the processing and release of all the enzymes in pathways leading to the production of cortisol in humans, non-human primates and guinea pigs, and also corticosterone in rats and mice. In turn, those glucocorticoids, in addition to acting at diffuse sites of the body to assure overall response to stress, including sugar and fat mobilization and metabolism, also act in a negative feedback mode by decreasing production and release of CRF in the hypothalamus and also act directly in the anterior pituitary, bringing about reduction of processing and release of POMC and its neuropeptides. Studies of many other groups have shown that the glucocorticoids act in the hippocampus, where the functional relationships to stress responsivity are less clearly delineated, but seem to be closely associated with reduction in hippocampal size when there is chronic exposure to excessive levels of glucocorticoids and thus to a decrement in learning and memory (see reviews McEwen, 1980; McEwen et al., 1992; Kreek, 1996a; Kreek, 1996b; Kreek, 1997; Kreek and Koob, 1998; Kreek, 2000; Kreek et al., 2002; Kreek et al., 2004; Kreek et al., 2009) . In addition to the important negative feedback control of the HPA axis by the glucocorticoids, it has been found that mu-opioid receptor activation by betaendorphin, or possibly one of the mu-opioid receptor-directed enkephalins, apparently tonically inhibits both production of CRF in the hypothalamus and POMC peptides in the anterior pituitary (Kreek, 1973a; Volavka et al., 1980; Kreek et al., 1983a; Kosten et al., 1986a; Kosten et al., 1986b; Culpepper-Morgan et al., 1992; Culpepper-Morgan and Kreek, 1997; Schluger et al., 1998; Farren et al., 1999; Rosen et al., 1999) . It is not known whether this opioid inhibition of CRF and POMC occurs in other parts of the brain. However, negative inhibition of CRF and POMC by glucocorticoids in other regions of the brain has been studied to a modest extent, and in these other regions of gene expression there does not seem to be negative feedback modulation by the glucocorticoid system. All of these neuroendocrine systems discussed in these four paragraphs have been extensively reviewed in textbooks of endocrinology, and do not necessarily represent the work from our laboratory, although we have included comments from our laboratory, when particularly pertinent, such as our contribution of discovering the opioid control of the human HPA stress-responsive axis, which we will not detail further in this review.
Both CRF and its CRF-R 1 receptor (as well as the CRF-R 2 receptor, which has as its primary ligands the urocortins, which will not be further detailed in this brief review) are located in other parts of the brain beyond the hypothalamus (see Table 1 ). Regions which are of particular interest to our group, prefrontal cortex and amygdala, are brain regions in which the genes of the CRF and CRF-R 1 are expressed (measurable mRNA levels) (see Table 1 ). Also, gene expression of POMC has been identified in several brain regions in addition to the anterior pituitary. However, the use of very modern extended-range mass-spectrometric analyses to determine the precise processing of the single gene product, POMC, to specific neuropeptides in different brain regions has not been extensively pursued.
Another neuropeptide system, the vasopressin system, was identified years ago but only modestly studied over many years; it is also known to directly impact upon the HPA axis in humans. Both early work and more recent work from our Laboratory, and from other scientists in our Center, have shown that this neuropeptide system, the vasopressin-vasopressin receptor system, is profoundly altered by morphine and other opiates in both rodent models and in humans. Much more recently our group has initiated an increased focus on the impact of drugs of abuse, such as morphine, heroin and cocaine, on vasopressin and on the effects of abrupt withdrawal from these compounds on the vasopressin-vasopressin receptor system. Vasopressin is produced primarily in the hypothalamus and acts at the anterior pituitary at a vasopressin receptor (V 1b ) to bring about the processing of release of POMC. Therefore, vasopressin and its receptor seem to act in parallel with CRF and its CRF-R 1 receptor. Very limited studies have been conducted in humans to assess the relative extent of each of these two regulatory components on HPA axis stress-responsive activation. Further, more rigorous basic clinical research studies need to be conducted, utilizing the more modern technology of neuropeptide radioimmunoassays. There is also a peripheral receptor to vasopressin (V 2 receptor). Action at this receptor is directly involved in the regulation of elimination and conservation of water at the renal tubule levels. Different brain and anterior pituitary localizations of gene expression of vasopressin and its V 1b receptors have been identified (see Table 1 ).
A third stress-responsive system is orexin-hypocretin. Orexin A and B refer to peptides acting on Orexin 1 and 2 receptors (see Figure 2 ). To date, there is no evidence that orexin-hypocretin acting at its receptors has any direct relationship with or regulation of the HPA axis, as defined above, or the vasopressin system, which in turn also may activate the HPA system. There is, however, extensive evidence that orexin-hypocretin has actions in some of the rewarding areas of the brain, such as the nucleus accumbens and ventral tegmental area (VTA), as well as areas, such as the amygdala, which are involved in fear, emotion, mood, and affect. The various sites in the brain and outside the brain of orexin and orexin receptor gene expressions have been identified (see Table 1 ).
Cocaine, by blocking the presynaptic re-uptake transporters of dopamine, causes the flooding of the extracellular fluid, with dopamine in both the dorsal and ventral striatum (e.g., Maisonneuve et al., 1995) , with a resultant increased activation of dopamine D 1 -like as well as dopamine D 2 -like receptors in the ventral striatum, including especially the nucleus accumbens and also in the dorsal striatum, including the caudate-putamen. Dopaminergic neurons from the VTA with projections lead to dopamine release in the ventral striatum, and dopamine neurons in the substantia nigra (SN) lead to release of dopamine in the caudateputamen. However, it should be appreciated at all times that the actual levels of dopamine in extracellular fluid are much higher in the dorsal striatum (caudate-putamen) than in the ventral striatum (nucleus accumbens). Nevertheless, the changes in dopamine tone in the ventral striatum have been related to the rewarding effects of drugs of abuse, as well as to the anticipation of their use, and the locomotor response elicited after their use.
Studies from our laboratory have shown that blockage of D 1 -like and D 2 -like dopamine receptors by use of selective dopamine receptor antagonists significantly attenuates the cocaine-induced activation of the HPA axis hormones (Zhou et al., 2004) . Further, we have shown that in DARPP-32 knockout mice, where there is attenuation of primarily the dopamine D 1 -like signal transduction mechanisms, again, there is an attenuated HPA axis response to cocaine (Zhou et al., 1999b) . These findings suggest that there may be direct connections between the striatum, and particularly the ventral striatum, with the hypothalamic sites of HPA axis stress-responsive initiation.
In our earliest studies of opiate addiction, we addressed the need to develop a medication to treat heroin addiction, research initiated by Dole, Nyswander and Kreek in 1964 at The Rockefeller Institute for Medical Research (Dole et al., 1966) . These studies led promptly to prospective studies of the safety, as well as efficacy, and physiological effects of long-acting methadone, as contrasted with the short-acting opiates, such as heroin and morphine. We were struck with the impression that heroin addiction has many of the stigmata of a neuroendocrine disorder, that is, like the result of "a single error in metabolism." In this case, we found exposure to a single drug brings about profound changes, including endocrine changes, regulated by the brain and controlling many of the critical functions for survival and reproduction (Kreek, 1973a; Kreek, 1978) . We therefore built into our initial studies a limited set of then possible assays to be conducted in humans in our clinical research (Kreek, 1973a; Kreek, 1978) . What we found was that the HPA axis is profoundly disrupted during cycles of heroin addiction and becomes normalized during long-term methadone maintenance treatment (Kreek 1973a; Kreek, 1978; Kreek et al., 2002) . Further studies from our laboratory, as well as research from others, have shown that chronic exposure to cocaine and alcohol also profoundly disrupt the HPA axis (Kreek et al., 2002; Kreek et al., 2004; Kreek et al., 2009 ).
In our more recent studies, with our first publication in 1998 (Bond et al.,1998) , we have shown that a single gene variant of the mu-opioid receptor gene, which we determined to be highly functional (see below), alters stress responsivity and, in fact, is associated not only with changes in stress-responsive systems in healthy human beings, but also is strongly associated in populations with limited admixture with the specific addictive diseases of opiate addiction Bart et al., 2005) . In this brief review, we will detail some of the pertinent findings in laboratory-based research in animal models and human molecular genetics research primarily from our own laboratory.
Most of the studies in our laboratory, like most laboratories, unfortunately have been conducted almost exclusively in male rats and male mice. However, we have conducted one extremely interesting series of studies in female rats with respect to the impact of gender and female hormones on cocaine-induced behaviors and, conversely, on cocaine effects on one important female sex hormone. Since our work suggests that all of cocaine effects intrinsically involve directly or are interactive with the stress-responsive systems, we will briefly summarize these findings in female rats. We have found that there are significant differences across the estrous cycle in cocaine-induced stereotypic and locomotor behaviors in Fischer female rats (Quiñones-Jenab et al., 1999) . Further, we have found that in ovariectomized female rats there are significant effects of ovarian hormone replacement (including estrogen, progesterone, or estrogen plus progesterone-replaced female rats (Quiñones-Jenab et al., 2000a) . We have also found that cocaine itself significantly affects progesterone plasma levels in female rats (Quiñones-Jenab et al., 2000b) . However, since we have not pursued directly the impact of the female hormones on stress responsivity in the setting of cocaine or other chronic drug of abuse administration, we have not included these studies in any further discussion in this brief review paper.
Alterations of CRF and POMC Gene Expression in the HPA Axis and Other Specific Brain Regions
Opioids are important in the control of the secretion of HPA axis stress hormones in rodents as well as in humans. In the rat, acute morphine administration (1 or 2 days) results in increased ACTH and corticosterone secretion, while animals treated on a chronic basis (more than 5 days) with morphine show attenuation of the morphine-induced ACTH and corticoste rone response, with the development of tolerance by 5 days of morphine treatment (Ignar and Kuhn, 1990; Zhou et al., 2006) (Table 2 ). In humans, in sharp contrast, both acute and chronic morphine administration inhibits the HPA axis. For instance, basal levels of ACTH and cortisol are significantly disrupted in active heroin addicts with suppression of ACTH and cortisol and abnormal diurnal rhythms when heroin or morphine are present in the body, and with activation of the stress-responsive axis in heroin or morphine withdrawal in tolerant and physicallydependent humans and animals (Kreek, 1973a; Cushman and Kreek, 1974; Kreek, 1978) . The effects of morphine on HPA-axis activity also depend on the presence or absence of stress. For example, we examined the effect of acute intermittent morphine on pituitary-adrenal function in the rat under the mild stress condition of water restriction (Zhou et al., 1999a) . Either acute morphine or water restriction alone increased ACTH secretion as an independent stimulus. When the animals received both morphine and water-restriction stress, as two combined stimuli, however, there was no increase in plasma ACTH levels. Thus, morphine effectively blunts the classical HPA-axis activity caused by this water restriction stressor, probably indicating that opioids play a counter-regulatory role on the stress response by inhibiting the stress response cascade.
Methadone (a selective mu-opioid receptor agonist, long-acting in humans) is widely used in the treatment of short-acting opiate (primarily heroin) addiction as well as for the management of chronic pain (Kreek, 1973b) . Methadone has a short half-life in rodents, about 60 min in mice and 90 min in rats (Kreek, 1979; Burstein et al., 1980) . In several of our animal studies (e.g., Zhou et al., 1996a) , therefore, methadone is delivered through osmotic pumps to mimic steady-state methadone maintenance in humans (Kreek, 1973b) . In a very early study from our group, we found that chronic (36 days) methadone administration did not alter concentrations of immunoreactive beta-endorphin in the rat amygdala and hypothalamus (Ragavan et al., 1983) . The steady-state administration of methadone in rats (10 mg/kg/day) by osmotic pumps achieved a mean plasma level of 123 ng/ml with a range from 100-150 ng/ml (Zhou et al., 1996a) , which is comparable to levels achieved and sustained at 24 h after last administration during chronic methadone maintenance treatment at lower doses in humans (60-80 mg/day). On daily oral doses of 60-120 mg/day, we found a range of plasma methadone levels of 74-732 ng/ml in humans (Borg et al., 1995) . In this rat model, we did not find any effect of steadystate methadone treatment on the mRNA levels of hypothalamic CRF and POMC, anterior pituitary CRF-R 1 and POMC, or circulating corticosterone levels (Zhou et al., 1996a) . This demonstrates that steady-state occupancy of mu-opioid receptor with methadone does not have any significant effect on the rat CRF/CRF-R 1 or POMC system. Our results support the hypothesis (Kreek, 1973a; Kreek et al., 1981) that there is no disruption of HPA axis activity during steady-state administration of the exogenous opioid methadone (Kreek et al., 1983b) .
Recent human studies have demonstrated that severe or unavoidable psychological stressors elevate cocaine and alcohol craving and HPA axis activity, and the HPA responses, in part, predict subsequent drug relapse (Sinha et al., 2006; Brady et al., 2009) . In contrast, modest activation of the HPA axis by specific mu-opioid receptor antagonist naltrexone administration reduces alcohol craving and alcohol consumption (O'Malley et al., 2004) . Stress-related anxiety and depression are major psychiatric consequences of chronic drug abuse, especially during withdrawal (Koob and Kreek, 2007) . For instance, chronic cocaine and its withdrawal dynamically alter HPA activity and expression levels of stress-responsive genes in some specific brain regions of the rat (Table 3) (Zhou et al., 1996b; Zhou et al., 2003a, b) . The HPA activation by either acute or chronic "binge" cocaine is apparently mediated through the dopamine receptors (Borowsky and Kuhn, 1991; Spangler et al., 1997) and their intracellular signal pathways (Zhou et al.,1999b) . We further found that the cocaine-induced CRF mRNA increase was absent in the rat pretreated with either a selective D 1 -like or D 2 -like dopamine receptor antagonist, suggesting that cocaine-induced stimulation of hypothalamic CRF gene expression is secondary to changes in the activity of specific components of dopaminergic systems (Zhou et al., 1996b; Zhou et al., 2004) .
Involvement of Arginine Vasopressin and V 1b Receptor in Drug Withdrawal and Heroin Seeking Precipitated by Stress
A growing body of evidence suggests that vasopressinergic neuronal activity in the amygdala and hypothalamus represents an important element in the neurobiology of stress-related behaviors in rodent models (Griebel et al., 2002; Wigger et al., 2004) . Our laboratory has recently begun to explore the role of arginine vasopressin (AVP) in drug addiction, by examining AVP gene expression in the rat amygdala and hypothalamus after chronic intermittent escalating-dose heroin or during early and late spontaneous withdrawal. We found that amygdalar AVP mRNA levels were increased during early heroin withdrawal only. Of note, this heroin withdrawal-induced AVP mRNA increase was replicated in a separate study after early spontaneous morphine withdrawal (Zhou et al., 2008b) .
In collaboration with Leri of the University of Guelph in Canada, we found that foot shock stress increased AVP mRNA level in the amygdala of rats withdrawn from heroin selfadministration, but not in heroin-naive rats, suggesting that AVP and its receptors may be involved in stress-induced reinstatement of heroin-seeking behavior (an animal model for studying drug relapse in humans). There are three subtypes of AVP receptors: V 1a , V 1b , and V 2 . While V 2 is located in the kidney and mediates the antidiuretic action, V 1a and V 1b are expressed in extended amygdala (see Table 1 ). We went on to investigate whether the blockade of central AVP receptors (V 1a or V 1b receptor) would alter heroin-seeking during tests of reinstatement induced by foot shock stress and by heroin primes, and HPA-axis hormonal responses to foot shock. The selective V 1b receptor antagonist SSR149415 (but not V 1a antagonist) dose-dependently attenuated foot shock-induced reinstatement, blocked heroininduced reinstatement, and blunted the HPA-axis activation by foot shock. In another study, we also found an increase in AVP mRNA levels in the amygdala after acute withdrawal from chronic cocaine exposure (Zhou et al., 2005) . In conclusion, these data in rats together suggest that the stress-responsive AVP/V 1b receptor system (including the amygdala) may be critical components of the neural circuitry underlying the aversive emotional consequences of drug withdrawal, and the effect of negative emotional states on drug-seeking behavior (Zhou et al., 2008b) . It may be worthwhile to explore the effectiveness of systemic V 1b receptor antagonists for the management of withdrawal and for the prevention of drug relapse to opiates, alcohol or other drugs of abuse.
Alterations of Orexin/Hypocretin and Preprodynorphin Gene Expression in the Lateral Hypothalamus in Animal Models of Opiate or Cocaine Dependence after Chronic Intermittent Escalating-Dose Administration
The orexins/hypocretins are neuropeptides mainly expressed in cells of the lateral hypothalamus, perifornical area and dorsomedial hypothalamus, with extensive CNS projections (de Lecea et al., 1998) . It has been established that hypothalamic orexins/ hypocretins (orexin A acting at both orexin type 1 and 2 receptors [OX 1 R and OX 2 R], while orexin B acts only on OX 2 R) are involved in the regulation of sleep-wakefulness, arousal, feeding and stress. A growing body of evidence suggests that orexins may have an important role in the modulation of drug reward and drug-seeking behaviors (Fig. 2) . Studies of acute morphine administration have shown an attenuated increase in extracellular dopamine levels in the nucleus accumbens by orexin receptor blockade in the VTA (Narita et al., 2006) . Orexin A in the VTA has been found to be critical for the development of cocaine-induced synaptic plasticity and behavioral sensitization (Borgland et al., 2006) . Further, the interaction between orexins and their receptors has been found to underlie motivated behaviors (Boutrel et al., 2005; Harris et al., 2005) . It has been reported that i.c.v. infusion of orexin A (hypocretin-1) decreases brain reward function, as circuitry (Boutrel et al., 2005) .
Our laboratory has recently investigated the modulation of orexin/hypocretin gene expression in animal models of drug addiction. Most of the lateral hypothalamic orexin neurons express the preprodynorphin gene (Chou et al., 2001) . Therefore, we examined levels of the preprodynorphin and orexin mRNAs in the lateral hypothalamus. During the aversive state of acute withdrawal from chronic intermittent escalating-dose morphine, we found increased orexin mRNA levels in rat lateral hypothalamus, supporting our hypothesis that enhanced lateral hypothalamic orexin neuronal activity, resulting from its increased gene expression, contributes to negative affective states in opiate withdrawal (Table 2B) . Under this withdrawalrelated stress condition, there was no change in the lateral hypothalamic preprodynorphin mRNA levels .
To extend our research to the effects of cocaine, we further determined whether orexin reflected by an elevated intracranial self-stimulation threshold in the lateral hypothalamus, further supporting the hypothesis that orexin negatively regulates the activity of brain reward and preprodynorphin mRNA levels in rat lateral hypothalamus or medial hypothalamus (including perifornical and dorsomedial areas) are altered following (1) cocaine rewarding process using cocaine conditioned place preference (CPP); and (2) chronic cocaine exposure using both "binge"-pattern administration in steady-dose (45 mg/kg/day) and escalating-dose (45 to 90 mg/kg/day) regimens (Zhou et al., 2008a) . We found that orexin mRNA levels in the the lateral hypothalamus were decreased after cocaine place conditioning. A decreased lateral hypothalamic orexin mRNA level was also observed after chronic escalating-dose cocaine (but not CPP pattern regimen without conditioning, or steady-dose regimen). Furthermore, acute withdrawal from chronic escalating-dose cocaine administration resulted in increases in both the lateral hypothalamic orexin and preprodynorphin mRNA levels, which were unaltered by naloxone or after chronic withdrawal. Together, our results suggest that (1) alteration of the lateral hypothalamic orexin gene expression is region-specific after cocaine place conditioning and dose-dependent after chronic exposure; and (2) increased orexin and preprodynorphin gene expressions in the lateral hypothalamus may contribute to negative affective states in cocaine withdrawal. Therefore, the orexin system may be a target for therapeutic interventions.
In addition, the preprodynorphin/kappa-opioid receptor system in the nucleus accumbens and caudate-putamen has been implicated in regulating the behavioral effects of cocaine by playing a homeostatis role that opposes dopaminergic alterations (Spangler et al., 1993; Koob and Kreek, 2007) . In our recent study using tissue plasminogen activator (tPA) deficient mice, we found increased basal preprodynorphin mRNA and Homer 1a protein levels in the nucleus accumbens, and the tPA-deficient mice showed the lack of behavioral sensitization to repeated "binge" cocaine and cocaine rewarding effect (as measured by CPP) (Maiya et al., 2009) . It has been demonstrated that acute pretreatment with Dyn A(1-17) or kappa-opioid receptor agonists is effective in decreasing mesoaccumbal DA neurotransmission and cocaine reward (Spanagel et al., 1992; Zhang et al., 2004; Shippenberg et al., 2007) . On the basis of the above evidence, we hypothesize that increased basal levels of endogenous preprodynorphin gene expression lead to altered (lowered) dopaminergic signaling in the nucleus accumbens and blunted cocaine-related rewarding behavior and sensitization (Maiya et al., 2009 ).
Involvement of Mu-Opioid Receptor in Animal Models of Cocaine Seeking
Methadone maintenance at appropriate doses may be effective in reducing cocaine abuse in heroin-dependent individuals. There is a growing body of evidence, in fact, that at appropriate doses, methadone maintenance can decrease cocaine use in heroin-cocaine co-users. Borg et al. (2002) found that 69% of patients stopped regular cocaine abuse when maintained on a mean methadone dose of 67 mg/day. Similarly, in a clinical trial by Strain et al. (1994) , it was found that rates of cocaine use were lower among patients maintained on a mean of 50 mg/day (53%) compared to those maintained on a mean of 20 mg/day (62%). Stine et al. (1991) developed a contingency treatment program in which the patient's methadone dose increased by 5 mg in response to each cocaine-positive urine screen, up to a maximum dose of 120 mg/ day. Under these conditions, when the methadone dose achieved a mean of 115 mg/day, cocaine-positive urine samples decreased by 89%. Schottenfeld et al. (2005) reported that methadone maintenance (65-85 mg/day), without formal contingency management, promoted retention in treatment, significantly reduced both opioid and cocaine use, and enhanced length of abstinence from both drugs. A recent study by Peles et al. (2006) reported that 69% of patients stopped cocaine use after 1 year of methadone maintenance treatment when mean stabilized doses of methadone reached 176 mg/day.
Higher doses of methadone may be required in patients who display severe cocaine abuse because cocaine exposure increases mu-opioid receptors in specific brain regions. In our early and recent animal studies, we have found that there is significant increase in mu-opioid receptor density after chronic (14 days) binge-pattern cocaine administration, which is found in both the mesocorticolimbic and nigrostriatal dopaminergic systems, including the nucleus accumbens, amygdala and anterior cingulate, and caudate-putamen (Unterwald et al., 1994) . After acute cocaine exposure (1 or 5 days), an increase in mu-opioid receptor mRNA levels has been found in the same, specific brain regions (Azaryan et al., 1996; Yuferov et al., 1999) . Using positron emission tomography (PET) technology, up-regulation of mu-opioid receptor binding has been observed in cocaine-dependent individuals, and it has been associated with cocaine craving (Zubieta et al., 1996; Gorelick et al., 2005; Gorelick et al., 2008) . We have shown that there is a relative endorphin deficiency in cocaine addicts and also in chronically cocaine-abusing, methadone-maintained former heroin addicts, just as we showed years ago that there is a persistent endorphin deficiency in medication-free, illicitheroin-free, former heroin addicts (Kreek et al., 1984; Borg et al., 1995; Kreek, 1996a; Schluger et al., 2001 ).
In collaboration with Leri, we investigated the effect of high-dose steady-state methadone on cocaine CPP and cocaine intravenous self-administration in the rodent models for cocainetaking and -seeking behaviors. We found that (1) rats implanted with osmotic pumps delivering steady-state methadone prior to cocaine conditioning did not express cocaine CPP (Leri et al., 2006) ; (2) rats with steady-state methadone after cocaine conditioning displayed neither spontaneous nor cocaine-precipitated CPP (Leri et al., 2009 ); and (3) but steady-state methadone did not alter the intravenous self-administration (continuous schedule of reinforcement) of various doses of cocaine (Leri et al., 2006) . Further, mu-opioid receptor mRNA levels in the nucleus accumbens core were significantly elevated in rats after exposure to cocaine conditioning. However, the up-regulation of mu-opioid receptor mRNA levels was reduced by steady-state methadone in a dose-dependent manner (Leri et al., 2006; Leri et al., 2009 ). In conclusion, our results suggest that high-dose steady-state methadone does not alter the direct reinforcing effect of cocaine but blocks spontaneous and cocaine-precipitated cocaine seeking, possibly by preventing mu-opioid receptor alterations in the nucleus accumbens core induced by cocaine conditioning (Leri et al., 2006; . Our results in animal studies parallel and support the clinical findings in former heroin-and cocaine-co-dependent individuals maintained on high-dose methadone who consume less cocaine.
However, we have not found any cocaine-induced changes of POMC gene expression or one of its products, beta-endorphin, which is the longest of the endogenous opioid peptides, that normally acts at mu-opioid receptors. Therefore with increased mu-opioid receptors but with no increase in beta-endorphin, a relative "endorphin deficiency" develops.
We investigated potential roles that dopamine D 1 -like or D 2 -like receptors could play in regulation of POMC gene expression in the hypothalamus (major beta-endorphin neurons in the CNS) in response to acute "binge" cocaine. We found that the dopamine D 2 -like receptor blockade by a selective antagonist sulpiride increased POMC mRNA levels in the hypothalamus, indicating that the dopamine D 2 -like receptor exerts a tonic inhibitory effect on hypothalamic POMC gene expression. The POMC mRNA increases induced by the dopamine D 2 -like receptor blockade were attenuated by acute "binge" cocaine. In contrast to the dopamine D 2 -like receptor, the dopamine D 1 -like receptor blockade by a selective antagonist SCH23390, acute "binge" cocaine or their combination had no effect on hypothalamic POMC mRNA levels. These results suggest a specific role for the dopamine D 2 -like receptor in acute cocaine's effects on hypothalamic POMC gene expression (Zhou et al., 2004) .
Alterations of Mu-Opioid Receptor and POMC Gene Expression in Animal Models of Opiate Dependence after Chronic Intermittent Escalating-Dose Administration
Many different studies have examined the effect of chronic opioid agonist treatment and also opiate withdrawal precipitated by opioid antagonists on mu-opioid receptor mRNA levels in different brain regions. The results obtained are conflicting; a decrease, an increase, or no changes in mu-opioid receptor mRNA levels have been reported, and these apparently contradictory results may depend on differences in the dose, route and mode of the opioid agonist administered, exposure time, and the brain regions examined. In many previous studies, morphine or other short-acting mu-opioid agonists were chronically administered by pellets. This differs from heroin addicts who use an intermittent pattern of self-administration, in which they experience both rewarding effects and chronic stress induced by repeated heroin injection and withdrawal (Kreek and Koob, 1998) . Therefore, an administration paradigm of chronic intermittent escalating-dose morphine and heroin has been developed in our laboratory in order to mimic the multiple and escalating doses that human heroin abusers seek daily to achieve rewarding effects and suffer the symptoms of withdrawal during between-dose intervals. As reviewed by Kreek and Koob (Kreek and Koob, 1998; Koob and Kreek, 2007) , endogenous opioidergic systems, especially POMC-derived beta-endorphin, exert inhibitory effects on the HPA axis in both humans and rodents. Furthermore, the lateral portion of the hypothalamus is an important brain region for reward and other motivated behaviors. However, the question of whether morphine withdrawal influences mu-opioid receptor gene expression in the lateral hypothalamus has not yet been studied.
We conducted this particular study to determine the effects of acute single-dose morphine administration, 10-day chronic intermittent escalating-dose morphine administration, or its 12-h spontaneous withdrawal on mu-opioid receptor mRNA levels . We specifically selected several brain regions considered to play an important role in the reinforcing or motivational effects of drugs of abuse, such as the nucleus accumbens core, amygdala, lateral hypothalamus, and caudate-putamen (Kreek and Koob, 1998) . We found that either acute or chronic intermittent escalating-dose morphine did not modify mu-opioid receptor mRNA levels in the brain regions listed above. However, in contrast, acute spontaneous morphine withdrawal led to an increase in mu-opioid receptor mRNA levels in the nucleus accumbens core, lateral hypothalamus, and caudate-putamen, but not in the amygdala (Table 2B ). Our data clearly showed that morphine withdrawal increases mu-opioid receptor mRNA levels in a region-specific manner. Our finding of increased mu-opioid receptor gene expression by morphine withdrawal suggests that endogenous opioid agonists and exogenous opiates also have an inhibitory effect on mu-opioid receptor gene expression .
In early studies using morphine pellets, several research groups have shown that POMC mRNA in the hypothalamus tended to decrease after chronic morphine pellets in either normal rats (Mocchetti et al., 1989; Bronstein et al., 1990) , castrated male rats (Wardlaw et al., 1996) or ovariectomized female guinea pigs (Fang et al., 1998) . We recently examined intermittent heroin-induced changes of the POMC gene expression during early withdrawal from chronic intermittent escalating-dose heroin administration in normal male rats. After 12-hour withdrawal, there was a slight, but significant, decrease in the POMC mRNA levels in the hypothalamus (Zhou et al., in preparation) . Given the fact that the POMC neurons in the arcuate nucleus project to the lateral hypothalamus and that beta-endorphin binds to mu-opioid receptor to exert an inhibitory effect on lateral hypothalamic neurons (Georgescu et al., 2003) , we found the increase in mu-opioid receptor mRNA levels in the lateral hypothalamus after 12-hour opiate withdrawal , suggesting a decrease in opioidergic activity caused by decreased POMC gene expression from the arcuate nucleus. Since POMC neurons also project to the CRF and AVP cells in the paraventricular nucleus, and opioids exert a tonic inhibitory effect on the HPA activity, one could expect enhanced HPA activity during 12-hour withdrawal if lower opioidergic activity is found. Indeed, we observed an elevation of plasma ACTH and corticosterone levels at this withdrawal time point . This relative endogenous opioid-deficiency hypothesis is supported by evidence in humans that heroin addicts have decreased mu-opioid receptor-relevant activity (Kreek et al., 1984; Schluger et al., 2001) . Also, our hypothesis is further supported by recent studies showing that opioid agonist methadone reduces early withdrawal-associated increases in heroin self-administration in heroindependent monkeys (Negus, 2006; Negus and Rice, 2009 ).
Mu-Opioid Receptor Variants
Following the first cloning of any opioid receptor, and the delta-opioid receptor from a cell line, by two groups independently in 1993, and subsequently the cloning of all three types of opioid receptors, mu, delta and kappa, first from rodent models and then with cloning of the human genes, we made the decision to begin work in human molecular genetics. This, on one hand, was to complement our laboratory work, and on the other, our basic clinical research (which is not reviewed in this very brief paper.) In our human molecular genetics work over the intervening years, we have used two very different approaches. First, we have used a hypothesis-driven approach, in which specific genes or pathways including various genes which code for the proteins which are targets of drugs of abuse, or other genes that code for proteins that are part of the signal transduction pathways, or are in related neurotransmitter neuropeptide systems, which we have documented to be impacted upon by drugs of abuse, have been studied. Some of the work leading towards the decision of which genes are to be studied in this way have come from our laboratory-based research, and specifically, from our research on stress responsivity, as reviewed above. Other selections have come directly from our basic clinical research. Since our laboratory has always engaged in bidirectional translational research, many of our hypothesis-driven selections for genes to be rigorously studied have come from both laboratory and clinical science.
In our first human molecular genetic efforts, we joined in full collaboration with the laboratory of Lei Yu, and decided to first identify variants of the mu-opioid receptor gene. The mu-opioid receptor gene encodes the peptide which is well established to be the direct target for a major drug of abuse, heroin (once biotransformed to 6-acetyl-morphine), as well as the major treatment agent for heroin addiction, methadone, which is a synthetic opioid that is long-acting in humans, as well as many types of pain medications, including the naturally-derived morphine and its congeners, and synthetic fentanyls and other related mu-opioid receptor-directed compounds. In our first work from 1995 to 1998, we used the older techniques of longer gelsequencing. We therefore focused on sequencing the first three exons of the mu-opioid receptor gene, which codes for a large part of the mu-opioid receptor peptide. These three exons include the N-terminus and the seven transmembrane regions, but not the intracellular carboxyterminus tail (see Figure 3) . In our first work, we identified several mu-opioid gene variants (Bond et al., 1998 ).
However, we had made the decision to study functionality of an identified gene variant with a high allelic frequency, prior to any publication. Our original study was conducted in three different ethnic/cultural groups, Caucasian, African American and Hispanic; we found highly significant differences in the allelic frequencies of the two most common gene variants, A118G and C17T, across these three groups. One paper had reported identification of the A118G muopioid receptor gene variant (Bergen et al., 1997) after we had also discovered it, but before our first report, and while we were conducting the functionality studies of A118G. The group that identified the A118G was particularly focused on alcoholism in specific populations, and not on gene functionality; they found no association of this variant with alcoholism in three different populations.
We conducted studies in several appropriate molecular and cell biological constructs and systems. We selected the A118G variant, because it codes for the changes in asparagine to aspartic acid in amino acid position 40, and because it is the site of putative glycosylation, a phenomenon which we later proved to be correct (Kroslak et al., 2007) . We found that when appropriate constructs were made, the A118G variant receptor bound beta-endorphin three times more tightly than did the prototype receptor (Bond et al., 1998) . There was no difference in binding of any other endogenous (e.g., met-enkephalin and endomorphin) or exogenous (e.g., morphine and methadone) opioids or opiates. Further, we also found, using a cell biological-molecular construct, that G-protein-coupled potassium inwardly-rectifying channels (GIRKs) were activated to a far greater extent when beta-endorphin bound to the variant receptor than to the prototype. Again, this was only found for long, natural betaendorphin and not for other endogenous or exogenous opioids or opiates (Bond et al., 1998) . Beta-endorphin is by far the longest (31 amino acids) and longest-acting (more than 30 min half-life in human blood) of the endogenous opioids, and probably demands the greatest fidelity of receptors for binding and activation with signal transduction. In our initial publication (Bond et al., 1998) and in a later publication (LaForge et al., 2000) , we predicted that this A118G variant would be functional in humans and specifically in HPA axis function, since our laboratory has shown that the mu-opioid receptor system is involved in regulating the HPA axis in humans by tonic inhibition. We predicted that stress responsivity would be altered with one or more copies of this A118G variant receptor (Bond et al., 1998) . Further, we predicted that any other mammalian physiological system in which the mu-opioid receptor plays a physiological modulatory role would be potentially altered by presence of this variant (Bond et al., 1998) . Our earliest studies had suggested that the A118G variant has much lower cell membrane receptor presentation than does the prototype, although this was not rigorously studied for our initial report (Bond et al., 1998) . Therefore we studied this in subsequent work, and showed that, indeed, in three different cell types, there is much lower cell-surface presentation of the A118G variant receptor than the prototype (Kroslak et al., 2007) . The net potential or physiological effect in humans may be offset by the greater beta-endorphin binding and more effective signal transduction. Therefore, only in the setting of need for additional endogenous beta-endorphin, as the major mu-opioid receptor-directed endogenous peptide, would one see any abnormalities in function.
In an early study, Wand and colleagues showed that one copy of the G variant profoundly altered the HPA response (cortisol) to a specific opiate antagonist, naloxone, given in high repeated doses to healthy volunteers (Wand et al., 2002) . Wand followed up with a second more extensive study in a large number of healthy volunteers, and again made the same finding (Chong et al., 2006) . Also, the group of Kranzler (Hernandez-Avila et al., 2003) made similar findings. Our laboratory has shown that healthy persons with one or two copies of this A118G variant have higher baseline levels of cortisol than persons with the prototype mu-opioid receptor (A118A), under stress-minimized circumstances. Further, we found females with A118G variant contribute to this basal hormonal difference to a greater extend than males (Bart et al., 2006) . More recently, in work in progress, we have found in healthy volunteers that other aspects of the HPA axis, under tonic inhibition of the mu-opioid receptor system, are significantly modified in individuals with one or two copies of the A118G variant (Ducat et al., in preparation) . Also, other groups have found that the A118G variant may be associated with different responses to pain of specific types (reviewed in Kreek et al., 2005) . There is now no doubt that even in healthy volunteers, when there are one or two copies of the A118G variant with resulting mu-opioid receptor changes, there are profound alterations in stress responsivity. This may be due in part to the lowered presentation of the mu-opioid receptors on cell surface ready for activation, but with stronger signal transduction after binding of beta-endorphin. This would be a system which under stress could lead to a relative endorphin deficiency. We have reviewed this variant and many other gene variants extensively Kreek and LaForge, 2007; Kreek, 2008) .
We further predicted that this variant would be associated with opiate addiction, but like any gene variant associated with heroin addiction and alcoholism, or any specific addictive disease, we predicted that it would play a modest role in the overall risk to develop an addiction. To conduct these molecular genetics studies in a population with limited admixture, we performed our research in central Sweden, in the Stockholm area, where over 80% of the population are Swedes with Swedish ancestry and no admixture for over 500 years, and less than 20% are from other places, but, to date, with very little admixture between the Swedish and non-Swedish populations. In two separate, large studies conducted in collaboration with the group of Heilig et al. at the Karolinska Institute, we found strong association of the A118G variant with a) heroin addiction and b) alcoholism. These highly significant associations with heroin addiction or with alcoholism pertained either with those of Swedish heritage only, or with the entire population studied, because of the very low admixture. Further, with the collaboration of the statistical geneticist Jurg Ott and his colleagues, we were able to determine that a very high "attributable risk" for developing heroin addiction rests with this one functional variant alone Bart et al., 2005) . Some other studies have corroborated these findings, and, in particular, in studies of Han Chinese, which is an only modestly admixed population (reviewed in Kreek et al., 2005) . However, negative results have been frequently found, especially in populations with significant admixture, such as in the general population of the United States or the general population of Europe (as reviewed in Kreek et al., 2005) .
Further, we predicted that the presence of one or two copies of the A118G variant would predict a more favorable response to treatment of alcoholism with naltrexone, since we had found that alcoholics seek a modest activation of the HPA axis, which may be effected by alcohol or a specific opioid antagonist such as naltrexone (Oslin et al., 2003; O'Malley et al., 2004; Kreek et al., 2004; Anton et al., 2008) It has been found that non-human primates have a natural variant of the mu-opioid receptor which is very similar to that of the A118G variant in humans though in a slightly different location. It similarly results in an amino acid change and similarly alters beta-endorphin binding and stress responsivity (Miller et al., 2004; Barr et al., 2008; Vallender et al., 2008) . Very recently, a group has successfully created a transgenic mouse with an analogous but not identical mutation to this A118G variant in humans. This A112G, placed into a mouse model by Blendy and her colleagues, has begun to be studied, with some extraordinarily exciting findings, including some gender differences in behavioral responsivity (Mague et al., 2009) . Therefore, we have two animal models, non-human primates and rodent models for further studies in addition to our ability to conduct many more studies in both healthy humans and humans with specific addictive diseases.
Since we have shown that the mu-opioid receptor plays many roles in stress responsivity and, in particular, tonic inhibition of apparently the hypothalamic-pituitary components of the HPA axis, we have proceeded to study other variants of other genes that are directly part of this HPA axis, two of which will be discussed below.
POMC Variants
Proopiomelanocortin (POMC) (Fig. 4) is a source of a number of peptides, including ACTH, that play a key role in regulation of the HPA axis. These peptides that are derived from POMC are released by tissue-specific proteolitic processing (e.g., Bertagna, 1994) and play an important role in a number of functions including skin pigmentation and control of adrenal growth and function. Processing of POMC takes place in several steps. The first step of POMC processing results in the formation of beta-lipotropin (β-LPH), ACTH and gammamelanotropin (γ-MSH). ACTH, in turn, is processed to alpha-melanotropin (α-MSH) and a corticotropin-like intermediary peptide (CLIP). β-LPH is processed to beta-endorphin, and also gamma-lipotropin (γ-LPH), which is processed to beta-melanotropin (β-MSH). POMC is highly expressed in the arcuate nucleus of the hypothalamus and in the anterior pituitary. Congenital deficiency of POMC results in a hypoadrenalism syndrome, severe obesity, and altered skin and hair pigmentation.
Thus, missense variant Tyr221Cys (position A8067G according to the system described by Takahashi et al. (1983) or position A662G according to the system that assigns value +1 to the first nucleotide of the ATG codon) located in the region encoding β-MSH was reported to be significantly associated with early onset obesity (Biebermann et al., 2006; Lee et al., 2006) . A number of other polymorphisms, including Cys28Phe (G83T) and Leu37Phe (109T) located in the amino-terminal region of POMC, also have been associated with early onset obesity (Creemers et al., 2008) . The other variant, Arg236Gly (C8086G, C706G), was found in Caucasians with severe obesity from childhood (Challis et al., 2002) . This variant disrupts the cleavage site between β-MSH and beta-endorphin. The resulting fusion protein binds to melanocortin 4 receptor (MC4R) with an affinity similar to natural ligands but fails to activate the receptor (Challis et al., 2002) . Several other variants of POMC, including translation initiation mutation C3804A (C-11A), missense substitution A6851T (A151T), a deletion 6996del (C297Del) and a two-nucleotide insertion 7100+2G (Ins400GG), were found in homozygosity or compound heterozygosity in patients with adrenal insufficiency having earlyonset severe obesity (Krude et al., 2003) . Rare POMC variant C6906del (C206Del) results in complete loss of POMC-derived peptides and was found in a person with severe obesity and ACTH deficiency . Genotypes of C8246T (C867T, rs1042571) and C1032G (C2783G, rs1009388) have been reported to be associated with body fat distribution (waist-to-hip ratio) (Baker et al., 2005) . A recent report on a patient homozygous for 6922InsC (222InsC) showed alterations in somatotropic, gonadotropic and thyroid axis, necessitating hormonal replacement and also absence in abnormality of pigmentation (Clément et al., 2008) .
We hypothesize that dysregulation of the HPA axis caused by variants of POMC also might influence vulnerability to the initiation of drug addiction. Therefore, we consider the POMC gene as one of the primary candidates in our studies of association with drug addiction.
Melanocortin 2 Receptor (MC2R) Variants
One of the major peptides that derives from POMC processing is ACTH (Fig. 4) . ACTH regulates adrenal glucocorticoid and androgen synthesis in the zona fasciculata and zona reticularis, respectively, in the adrenal cortex. ACTH binds to its specific melanocortin 2 receptor (MC2R or ACTH receptor, Fig. 5 ). Being involved in regulation of adrenal cortisol secretion, MC2R is important in the physiological response to stressors. MC2R is expressed mostly in the adrenal cortex and is also found in human skin (Slominski et al., 1996) , ovarian steroid cell tumor (Lin et al., 2000) , as well as in rodent anterior pituitary (Wachira et al., 2007) and some rodent embryonic tissue, including brain, spinal cord, lungs and testes (Nimura et al., 2006; Johnston et al., 2007) . The functional expression of MC2R requires melanocortin 2 receptor accessory protein (MRAP) that is involved in the trafficking of the MC2R from the endoplasmic reticulum to the cell surface . Recently, another homolog of MRAP, MRAP2, expressed in the brain and adrenal gland and able to interact with all five mineralocortin receptors, has been identified ).
Variants in the MC2R gene in most human genetics studies have been linked to familial glucocorticoid deficiency (Tsigos et al., 1993; Elias et al., 1999) . Recent studies showed possible involvement of MC2R in altered stress mechanisms. Substitution of A to G in -179A>G (-2T>C) of the MC2R gene results in lower promoter activity of this gene in vitro and was associated with impaired cortisol response to ACTH stimulation in vivo (Slawik et al., 2004) . A clinical study with a six-hour ACTH stimulation test showed that subjects with the -179AA genotype have a higher dehydroepiandrosterone (DHEA) response than -179GG subjects, while baseline DHEA concentrations did not differ between groups (Reisch et al., 2005) .
Recent studies on the functionality of MC2R revealed that ACTH1-16 (shortened form of natural ACTH 1-39) is the minimal peptide that is required for binding ACTH and signaling ; mutations in transmembrane domains 2, 3 and 4 significantly decrease ACTH binding and signaling. In another study ) the replacement of cysteine residues with serines showed that substitutions C21S in the N-terminus and also C245S, C251S, and C253S in the extracellular loop 3 decrease both receptor expression and function. Similar substitutions of cysteine with serine placed in all five other positions do not alter ACTH binding potency.
In our studies (Proudnikov et al., 2008) we found an experiment-wise significant association of the minor allele A of the polymorphism -184G>A of the MC2R gene and the haplotype AACT bearing a -184A allele with a protective effect from the development of heroin addiction in Hispanics. We also found a strong effect in association of individual genotype frequencies of this polymorphism or combination GA+AA vs. GG with a protective effect from heroin addiction, providing genetic evidence supporting our hypothesis that dysregulation of the HPA axis contributes to the development of drug addiction.
We have or are currently studying other genes that are involved in the molecular neurobiological bases of specific addictive diseases. For instance, we are methodically studying each one of the genes of the endogenous opioid system. We are also studying other components of the stress-responsive systems, as well as other neuropeptide and neurotransmitter systems. In addition, we have (despite the enormous expense) been able to conduct a few "genome-wide studies" or studies in which large groups of variants selected by hypotheses or findings are present on a single array, constructed to be of interest for studies of addiction and the affective disorders Nielsen et al., 2008; Levran et al., 2009) . It has been of interest to us that different variants of the mu-opioid receptor, which are present on these different arrays, have been found to be associated with one or more specific addictions or drug abuse. This suggests that indeed mu-opioid receptor gene variants are associated with substance abuse and specific addictions, but that multiple variants, and perhaps specific haplotypes blocks, may be involved. We have also found that gene variants of other components of the opioid system are also associated with specific addictive diseases. Therefore we have found that the endogenous opioid system, as well as the HPA axis or other stress-responsive systems in other parts of the brain, as briefly reviewed herein, may be of great importance in the neurobiological bases of specific addictive diseases and may contribute to the molecular genetic basis of these diseases.
Conclusion
It has now been well-established that alterations of stress responsivity are caused both by drugs of abuse and also by functional gene variants, which may be present in humans (or in nonhuman primates). In future, genomics and genetic studies will bring more understanding on altered stress responsivity in the development and perpetuation of and relapse to specific addictive diseases. Stress causes increased mRNA synthesis and release of hypothalamic CRF and AVP into the portal circulation, which acts on CRF-R 1 receptors and V 1b receptor in the anterior pituitary, respectively. This induces synthesis of POMC mRNA and peptide in the corticotrope of the anterior pituitary and release into the circulation of beta-endorphin and ACTH, which are derived from processing of POMC. ACTH acts on ACTH receptor (MC2R) in the adrenal cortex and induces release of the stress hormone cortisol (in humans and guinea pigs) or corticosterone (in rats and mice), which are primary mediators of the stress response. Cortisol or corticosterone exerts negative feedback regulation at both the hypothalamus and the pituitary to inhibit the synthesis of POMC and release of ACTH and beta-endorphin via glucocorticoid receptors (GR). In addition to this classical circadian negative feedback regulation by glucocorticoids, the endogenous opioid system, especially the mu-opioid receptors (MOP-r), tonically inhibits this axis. Orexin/hypocretin neurons in the lateral hypothalamus (LH) or in the perifornical area or dorsomedial hypothalamus (PFA-DMH) have distinct functions in response to stress. LH orexin neurons project to the nucleus accumbens (NAc) and ventral tegmental area (VTA) and modulate rewarding effects of a drug of abuse through orexin type 1 and type 2 receptors (OX 1 R and OX 2 R). The LH orexin neurons are also activated by drug withdrawal stress that may contribute to negative affective states in drug withdrawal. Orexin neurons in PFA-DMH are activated to involve in multiple responses including arousal. A-The structure of the MC2R gene with selected polymorphisms. The position of the ATG initiation codon is indicated. The numbering of the polymorphism position is based upon a system that gives value +1 to the first nucleotide of this codon. The protein coding region is indicated in black. The lengths of gene parts are in italics. B-The structure of MC2R mRNA. The protein coding region is indicated in black. C-The seven transmembrane domain structure of the MC2R protein. *Selected functional polymorphisms; **novel polymorphisms that change the protein structure discovered in our study (Proudnikov et al., 2008) . Transmembrane domains (TM1-TM7) are indicated in rectangles. Table 1 Localization of stress responsive gene mRNAs in specific brain regions, pituitary and adrenal cortex of adult rodents. FCx, frontal cortex; SN, substantia nigra; CPu, caudate-putamen; VTA, ventral tegmental area; NAc, nucleus accumbens; Amy, amygdala; Tha, thalamus; Hip, hippocampus; Hypo, hypothalamus; AP, anterior pituitary; AC, adrenal cortex.
+, positive; −, negative; no notation, no published report found of any attempt to determine expression of these genes (mRNA levels) in brain region or peripheral tissues of adult rodents. 
